Solid oxide fuel cells (SOFCs) have been attracting remarkable attention as one of the most promising green energy conversion devices in the recent years. However, a high susceptibility of commonly used Ni-based anodes to carbon coking is a major challenge to the successful commercialization of SOFCs. In this study, a robust anode with Ni/TiO2−δ nano-network interfaces is reported, for low-cost SOFCs working at intermediate temperatures. This anode demonstrates an acceptable power density, and good stability with humidified (3% H2O) methane. X-ray diffraction (XRD) Rietveld refinement, X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR), and high resolution transmission electron microscopy (HRTEM) images reveal that the Ni/TiO2−δ network-composite anode forms from the in-situ reductive decomposition of NiTiO3. Numerous Ni/TiO2−δ interfaces that facilitate the water adsorption and the water-mediated carbon-removing reactions form during this decomposition process. Density functional theory calculations predict that at the Ni/TiO2−δ interfaces, the dissociated OH from H2O (adsorbed on TiO2−δ) reacts with C (locating on Ni) to produce CO and H species, which are then electrochemically oxidized (combined with O 2− ) to CO2 and H2O at the triple-phase boundaries of the anode.
INTRODUCTION
Solid oxide fuel cells (SOFCs) have been attracting remarkable attention as one of the most promising green energy devices, which can efficiently and cost-effectively convert the chemical energy within hydrocarbons, gasified coal, etc., directly to electricity [1−3] . A major challenge to the use of conventional nickel/yttria-stabilized zirconia (Ni-YSZ) as an anode is its high susceptibility to carbon coking and its deactivation upon exposure to the common hydrocarbon fuels [4−6] . In order to address this challenge, extensive studies have been undertaken to find new carbon tolerant anode materials. For example, a number of nick-el-free oxide materials, such as La 0.75 Sr 0. 25 Cr 0.5 Mn 0.5 O 3−δ , Sr 2 Mg 1−x Mn x MoO 6−δ (0 ≤ x ≤ 1), and doped (La, Sr)TiO 3 , have been investigated as potentially coke-free anodes, although low power densities were reported at intermediate temperatures, owing to the difficulties in fabricating thin electrolytes on these porous anode supports [7−10] . Meanwhile, prior efforts to develop new anode structures have also been widely adapted. Zhan et al. [11] used a Ru-ceria catalyst layer with a conventional anode, allowing internal reforming of iso-octane with scarcely carbon coking on the anode. Zhu et al. [12] used impregnated Sm-doped ceria (SDC) coating on a Ni framework, and achieved a much improved carbon coking tolerance. Yang et al. [13] studied a new anode with nano-structured barium oxide/nickel (BaO/Ni) interfaces, and demonstrated its potential for high electrochemical activity and high stability in hydrocarbon fuels. However, these previous solutions still suffer from high intrinsic costs, as a result of the impregnation process, as well as from the use of noble metals and rare earth metal oxides. The high costs have retarded the actual application of such SOFCs. Therefore, the development of inexpensive anodes with low material costs, easy fabricatability, and high carbon tolerance is key to the widespread application of SOFCs. Inexpensive SOFCs originating from low material and fabrication costs will be especially crucial for fuel cell-based, residential, micro-combined heat and power systems fed with natural gas [14] .
TiO 2 is well known as a perfect supporter of metal catalysts, and has been widely applied to the partial oxidation of hydrocarbons, the catalytic reduction of CO 2 , and other catalytic reactions. Rodriguez et al. [15] suggested that the high performance of Au-TiO 2 catalysts in the water-gas shift (WGS) reaction relied heavily on the direct participation of the TiO 2 oxide in the catalytic process. Wu et al. [16] investigated the partial oxidation of methane over a © Science China Press and Springer-Verlag Berlin Heidelberg 2015
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Ni/TiO 2 catalyst, and found that CH 4 was efficiently oxidized into CO and H 2 via a direct oxidation reaction. Tietz et al. [17, 18] utilized a Ni/TiO 2 mixture as a composite anode in a H 2 fueled SOFC, and achieved a power output of 0.09 W cm −2 at 750°C, discharging at 0.7 V using the YSZ electrolyte. We have previously applied Ni/TiO 2 , originating from the in-situ reductive decomposition of NiTiO 3 , as a reforming layer to the Ni-YSZ anode [19] . Significant carbon-tolerant improvements in the humidified methane and propane fuels were observed compared with the performance without the reforming layer [19] . Unfortunately, a slight carbon deposition on the Ni-YSZ anodes was detected, after 93 h test in methane, accompanied by a slight decrease in the current density, due to the thickness limitation of the reforming layer. Enhanced carbon tolerance is highly expected when the Ni/TiO 2 is directly used as the anode substrate. Another advantage to the use of Ni/TiO 2 as the SOFC anode is its low material cost compared with the SOFC anodes with rare-earth elements.
In this work, single cells using Sm 0.2 Ce 0.8 O 1.9 (SDC) film electrolyte supported by anode substrate NiTiO 3 (NTO), have been evaluated as intermediate temperature solid oxide fuel cells (IT-SOFCs). Here, NTO was used to avoid anode cracking during the reduction process. A Ni/TiO 2−δ nano-network structure was observed after the in-situ reductive decomposition of NiTiO 3 in both powder form and cermet form. This nanostructured anode enabled the attainment of an inexpensive SOFC with good carbon tolerance and good performance. Furthermore, the potential processes of carbon removal at the Ni/TiO 2−δ interface were predicted with density functional theory (DFT) calculations.
EXPERIMENTAL
Powders of NTO were prepared through an ethylenediaminetetraacetic acid (EDTA)-citrate complexation process in distilled water. First, Ti(OCH(CH 3 ) 2 ) 4 was dissolved in a nitrate solution, which was then mixed with a nitrate solution of Ni 2+ in a specific ratio. EDTA was dissolved in the formed solution, and then ammonium hydroxide was added to obtain a transparent solution. Citric acid was then added as a chelate, to form a precursor solution. The molar ratio of metallic cations, EDTA, and citric acid was set as 1:1.2:1.2. The precursor solution was heated and stirred on a hot plate, and then burnt into a black sponge after the evaporation. The fresh powders were calcined at 800 o C for 2 h to form NTO powders. SDC and La 0.8 Sr 0.2 Co 0.2 Fe 0.8 O 3−δ (LSCF) powders were prepared by an auto-ignition process. The proper amounts of NTO and TiO 2 powders were reduced in wet H 2 , at 700°C, for 5 h. Transmission electron microscopy (TEM) and X-ray diffraction (XRD, with a scanning rate of 0.50° min −1 ) were performed to analyze the phase purity of the oxidized and reduced NTO powders. XRD Rietveld refinements were performed using GSAS software. X-ray photoelectron spectroscopy (XPS) was performed, using a Thermo ESCALAB 250 with monochromatized Al Kα at hʋ = 1486.6 eV, to analyze the surface of the oxidized and reduced NTO powders. The binding energies were calibrated to the C1s peak at 284.6 eV. Electron paramagnetic resonance (EPR) of the oxidized and reduced TiO 2 powders was recorded at 150 K, to confirm the presence of the high spin Ti 3+ as well as oxygen deficiency, using a JES-FA200 electron spin resonance spectrometer.
Single cells with anode NTO support were fabricated by a co-pressing process. NTO powders were mixed with 20 wt.% starch, and then cold-pressed at 200 MPa, to form a substrate. Then the loose SDC powder was uniformly distributed on the anode substrate and co-pressed at 250 MPa. The resultant green pellet was sintered at 1250°C, for 5 h, to densify the SDC membrane. The thickness of the SDC electrolyte was approximately 40 μm after sintering. LSCF was mixed with SDC powders in a weight ratio of 40:60 and then applied onto the surface of the SDC electrolyte by a screen-printing technique, using 6 wt.% ethylcellulose-terpineol as an organic binder. The samples were heated at 950°C for 3 h in the air, to complete the cell fabrication procedure.
XRD patterns were obtained using a Philips X'pert PROS diffractometer, with Cu-Kα radiation, at room temperature. Single cells were tested in a home developed cell-testing system, using humidified hydrogen (~3% H 2 O) or humidified methane (~3% H 2 O) as fuels, and static air as an oxidant. The flow rate of fuel gas was about 40 mL min −1 . Fractured microstructure of the cells tested with humidified CH 4 fuel was analyzed using scanning electron microscopy (SEM), in a JEOL JSM-6700F unit.
Spin-polarized DFT calculations were carried out, using the projector augmented wave (PAW) method and a Vienna ab initio simulation package (VASP) [20, 21] .The electronic exchange and correlation was treated with the generalized gradient approximation functional, developed by Perdew, Burke and Ernzerhof (PBE) [22] . The plane wave basis was set as 400 eV, and the convergence criteria for the electronic structure, and the geometry, were 10 −4 eV, and 0.03 eV Å −1 , respectively. The Brillouin-zone integration, based on the Monkhorst-Pack scheme, was performed with a k point grid of 2×2×1, for the surface [23] . A vacuum spacing of 15 Å was placed in the direction perpendicular to the surface. The location and energy of the transition states were calculated with the climbing image nudged elastic band method [24] . Additionally, the TiO 2−δ / Ni(111) surface model was constructed by placing a small TiO 2−δ chain (Ti 3 O 6 ) on the Ni(111) substrate, which was described with a 5×5 slab with three atomic layers [13, 14] .
ARTICLES
SCIENCE CHINA Materials
Here, we adopted this anode surface model with partially coordinated Ti centers to agree with the XPS observation that many oxygen vacancies exist on the anode TiO 2−δ surfaces (Ti 4+ in TiO 2 is reduced to Ti 3+ ). [25−27] . Surprisingly, the XPS data from the reduced NTO (Figs 2c and d) show that there is only Ti2p3 (Ti 4+ , with a binding energy of 458.51 eV), and no Ti 3+ is detected on the sample surface [28−31] . Similarly, peaks corresponding to Ni 2+ , in addition to the metal Ni (851.51 eV), are detected, as shown in Fig. 2c . The results reasonably suggest that the metal Ni and Ti 3+ on the surface of the reduced Ni/TiO 2 sample are oxidized in the air before the XPS detection [32, 33] . EPR measurements were further performed, at 150 K, to determine the presence of unpaired electrons of Ti 3+ in the oxidized and reduced TiO 2 samples, having first removed the Ni phase to avoid detection interference. As shown in Fig. 2e , the oxidized TiO 2 sample shows no EPR response, indicating the absence of the unpaired electrons. In contrast, the reduced TiO 2 sample shows a strong EPR signal at g = 1.95, a characteristic of paramagnetic Ti 3+ ions [34−36] , directly proving the existence of Ti 3+ species accompanied by the formation of oxygen vacancies forming TiO 2−δ . The presence of oxygen vacancies plays a key role in the carbon tolerance of the NTO anode in hydrocarbon fuels.
RESULTS AND DISCUSSION
To demonstrate the potential of NTO as a practical, carbon tolerant anode, cells based on the NTO anode substrate were fabricated with SDC as the electrolyte material. Fig. 3a shows the SEM images of the single cell after testing. A dense and crack-free SDC electrolyte film, approximately 45 μm in thickness, was successfully fabricated on the reduced Ni/TiO 2−δ anode support, and exhibited good adhesion to the reduced anode and the LSCF cathode. It is worth emphasizing that a special Ni/TiO 2−δ nano-network-composite anode with many nanopores is achieved, originating from the in-situ reductive decomposition of NTO, as shown in Fig. 3b .
To further clarify the structure with anode reduction, TEM images were obtained. Fig. 4a shows that the particle morphology of the NTO sample was irregular in shape and agglomerated, with an average particle size in the range of 50−80 nm. The corresponding elemental mapping image (Fig. 4c) indicates that both Ni and Ti elements are uniformly distributed in these nanoparticles, and the interplanar distance can be clearly discerned to be 0.253 nm as shown in Fig. 4e . In contrast, the TEM image of the reduced NTO sample (Fig. 4b) shows that it consists of a Ni network, with small nanoparticles of TiO 2 decorating the network surface. The TiO 2 nanoparticles are well-dispersed on the Ni network, with an average particle size of approximately 20 nm. The corresponding elemental mapping images (Fig. 4d) reveal a clear contrast between the two segments, and indicate that the nano-network composite is , measured at 700, 650 and 600°C, respectively. As shown in Fig. 5b , with humidified CH 4 as the fuel, the maximum power densities are 0.164, 0.087 and 0.030 W cm −2 , respectively, approximately 20% lower than that with the humidified H 2 fuel. Figs 5c and d show the impedance spectra of the tri-layer cells, using humidified (3% H 2 O) hydrogen, and CH 4 , as fuel, respectively, at various temperatures. In these spectra, the intercepts with the real axis at low frequencies represent the total cell resistance (R t ) , measured at 700, 650, and 600°C, respectively, which are lower than the values with CH 4 as the fuel.
It should be noted that the discharging performance of the cell with the NTO anode is significantly superior compared with that using traditional NiO-SDC anodes [37−39] . Additionally, the open circuit voltage (OCV) of this tri-layer cell is about 0.1 V lower than with the Ni-SDC anode. The relatively low volume fraction of Ni in the reduced NTO sample (~30 vol.%), resulting in limited triple phase boundaries and low electronic conductivities, should account for these phenomena. Fortunately, the stability of the cell with the NTO anode, in humidified methane fuel, is much better than those based on the traditional anodes, as shown in Fig. 5e . The traditional Ni-SDC anode encounters serious carbon deposition that degrades the cell performance in a few hours, and results in cracking after a 32 h test. However the cell with the NTO anode maintains stable output voltage at 0.61 V, over a 40 h test, when discharging at 100 mA cm −2 . No carbon deposition is observed in the SEM micrograph of the anode, after testing in CH 4 for 40 h, as shown in Fig. 5f . I-V and long term stability tests on single cells strongly suggest that the tri-layer cells based on the Ni/TiO 2−δ network-composite anode present good coking tolerance in wet methane fuel. These tests also indicate that better carbon tolerance can be achieved with the NTO anode than with a thin NTO reforming layer.
An understanding of the detailed mechanism for improved carbon tolerance with the Ni/TiO 2−δ network anode is important, in order to develop new electrode materials and to uncover the theoretical fundamentals of SOFCs. Generally, the carbon tolerance of Ni based anodes stems mainly from the depressed catalytic activity to the cracking of hydrocarbons, when forming alloys such as Ni-Cu [40, 41] . In the case of the Ni/ TiO 2−δ anode, we believe that the key reason for the improved carbon tolerance relates to the high concentration of the surface vacancies of TiO 2−δ in the reduced atmosphere, which will greatly benefit water adsorption, and therefore improve the reforming rate. Many prior experimental and theoretical studies on the TiO 2 /H 2 O interaction indicate that water does adsorb and dissociate on the reduced TiO 2 (110) surfaces and even on the stoichiometric surfaces [42−45] . In the DFT calculation, the potential processes of carbon removal at the Ni/TiO 2−δ interface are predicted by the steam reforming reaction. Initially, we compared the adsorption energies of H 2 O and CO on Ni and TiO 2−δ surfaces (Table 1 ), in order to determine possible adsorption sites for the reactant (H 2 O), and meta-product (CO), respectively. The comparison shows that H 2 O is more readily adsorbed on TiO 2−δ surfaces than on Ni surfaces or YSZ surfaces ( Table 1 shows 
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CO is more energetically stable on Ni surfaces than on the reduced TiO 2−δ surfaces ( Table 1 , the adsorption energy is −1.85 eV for Ni, and −0.21 eV for TiO 2−δ ). On the basis of experimental observations and the above theoretical predictions, we expect that H 2 O adsorption will occur on TiO 2−δ anode surfaces, and then carbon will be amalgamated on Ni surfaces [46, 47] . Therefore, we propose a possible mechanism for the removal of carbon near TiO 2−δ chains on Ni(111), as depicted in Fig. 6 . The reaction pathway proposed can be described as follows: 1) H 2 O is first adsorbed on those partially coordinated Ti atoms (reduced TiO 2−δ surfaces), which need to overcome a small barrier (transition state 1, TS1) of 0.35 eV, and release energy of 1.10 eV. This small adsorption barrier can be easily compensated by thermal fluctuation under the SOFC operating conditions. A reaction barrier (TS2) of 0.47 eV has to be overcome for the dissociation of the adsorbed H 2 O, into OH and H intermediates. 2) Subsequently, the dissociated OH reacts with a chemisorbed C atom on the Ni surface, to form a CHO species with a reaction barrier (TS3) of 0.63 eV. 3) Then, the CHO species dissociates to produce CO and H, via TS4 (reaction barrier of 1.00 eV), with an exothermicity of 2.32 eV. At the triple phase boundary, CO and H will be further electrochemically oxidized by O 2− (from the electrolyte), to form CO 2 and H 2 O, respectively [14] . The overall reaction mechanisms can be summarized as follows:
H 2Ogas → H2Oads, TiO 2−δ ,
H 2Oads, TiO 2−δ → OHads, TiO 2−δ + Hads, TiO 2−δ ,
C ads, Ni + OHads, TiO 2−δ → CHOads, Ni,
CHOads, Ni → COads, Ni + Hads, Ni.
Our DFT calculation clearly demonstrates that the deposited carbon at the Ni/TiO 2−δ interface can be energetically-favorably removed by OH which is dissociated from H 2 O and adsorbed on the TiO 2−δ surface.
CONCLUSIONS
This study reports the development of a robust anode with Ni/TiO 2−δ nano-network interfaces, enabling the fabrication of low-cost and intermediate temperature SOFCs, with an acceptable power density. Furthermore, good stability of the new anode, which has numerous nanostructured Ni/ TiO 2−δ interfaces readily facilitating water adsorption and water-mediated carbon removal reactions, is demonstrated with humidified (3% H 2 O) methane. DFT calculations predict that the dissociated OH from H 2 O on TiO 2−δ interfaces reacts with C on Ni near the Ni/TiO 2−δ interfaces, to produce CO and H species, which are then electrochemically oxidized (combined with O 2− ) to CO 2 and H 2 O, at the triple-phase boundaries of the anode. This anode offers great potential for making low-cost and low-temperature SOFCs, for the efficient and low-emission conversion of readily available fuels into electricity. Potential energy profiles for the removal of the deposited carbon species on TiO 2−δ /Ni(111) surface. * refers to an adsorbed species on the surface, and TS is the abbreviation for a transition state.
